ABSTRACT Six expeller-extracted canola meal (ECM) samples produced under different seed conditioning temperatures (90, 95, or 100 • C) and screw torques in the second press (low or high) were evaluated in a 3 × 2 factorial arrangement of treatments to determine the effect of processing on standardized ileal amino acid digestibility (SID) in 10 and 24-day-old broilers. A nitrogen-free diet was fed to determine ileal endogenous amino acid flow. Each diet was fed for 5 d to 6 replicate cages of 10 or 7 chicks, and ileal samples were collected at 10 and 24 d, respectively. The endogenous flow (mg/kg DM intake) of CP and all amino acids except Cys decreased (P < 0.01) with age. Conditioning temperature by screw torque interactions were detected (P < 0.05) for apparent ileal digestibility (AID) of CP, Arg, Ile, Lys, Phe, Thr, Ala, Asp, Glu, Pro ,and Ser at d 10, and the same trend was observed at d 24 except for Ile, Phe, Ala, and Pro (P > 0.05). Meals processed under medium conditioning temperature (95
INTRODUCTION
Protein meals are a main component in poultry diets, and are mainly comprised of oil seed meals such as soybean and canola. Canola meal (CM) is a coproduct of the canola oil crushing industry, and is considered a cost-effective substitute for soybean meal (SBM) in broiler diets when at around 60 to 70% of the price of SBM (Canola Council of Canada, 2009) . The global production of rapeseed, including canola varieties, ranks second among oilseed crops worldwide (USDA, 2014) . Despite the lower protein content of CM compared to , it compares favorably with SBM with regard to amino acid (AA) content. Canola meal has a higher content of methio-nine and cysteine, but less lysine and arginine than SBM; however, lower and more variable amino acid digestibility than SBM has been reported for canola meal (Khajali and Slominski, 2012) . Generally, variation in CM nutritive quality has been attributed to agronomic conditions, oil extraction method, and temperature and moisture during oil extraction and subsequent processing (Spragg and Mailer, 2007) . Solvent extraction is the common method practiced by the crushing industry, resulting in a meal with around 5% or less residual oil. The expeller extraction method is also used to obtain canola oil but with less efficiency, resulting in a meal with higher (8 to 15%) residual oil content (Spragg and Mailer, 2007) . In expeller pressing, seeds are subjected to higher moisture (15 to 18%) and moderate temperatures (95 to 115
• C) as it is heated using steam (Spragg and Mailer, 2007) , whereas solvent extracted meal is subjected to lower moisture (less than 12%) but higher temperatures, that can reach 160
• C, during extraction (Canola Council of Canada, 2009 expeller process has the additional advantage of not requiring the heat input of a desolventizing-toasting step and expeller meal has a higher residual oil content compared to solvent extracted meal. Both moisture content and processing temperatures are known to affect the nutritive value of a feedstuff, especially with regard to the availability of some AA (Anderson-Hafermann et al., 1993) .
The net disappearance of ingested dietary amino acid from the digestive tract proximal to the distal ileum is defined as apparent ileal amino acid digestibility (AID) (Stein et al., 2007) . The AID definition, however, does not take into account the contribution of AA of endogenous origin (Adedokun et al., 2011) ; thus, AID coefficients usually underestimate amino acid digestibility of a feed ingredient. The term standardized ileal amino acid digestibility (SID) is used when AID coefficients are corrected for endogenous AA losses (Lemme et al., 2004) . Ileal endogenous AA flow in 5-day-old chicks has been reported to be approximately 50% greater than that recorded in 21-day-old broiler chicks (Adedokun et al., 2007) . It is evident that the effect of bird age should be taken into consideration when establishing standardized AA digestibility values for a feed ingredient to minimize nutrient excretion (N and AA) and diet cost in poultry production.
The hypothesis tested in the current study was that AA digestibility of expeller-extracted canola meal would differ depending on the processing conditions and could also be affected by the age of birds. The objectives of the study were to characterize the effect of processing conditions such as conditioning temperature (90, 95, or 100 • C) and screw torque (high or low) during the oil extraction process on AID and SID values for starter (10-d) and grower (24-d) broiler chickens.
MATERIALS AND METHODS

Canola Meal Sample Processing and Chemical Composition
The expeller canola meal samples were processed and provided by the MSM Milling oilseed crushing plant located at Manildra, New South Wales, Australia. Six batches of expeller canola meal were processed under various conditions as described in a previous paper (Toghyani et al., 2014) . Briefly, seeds were conditioned for 5 min at 90, 95, and 100
• C and allowed to rest for an additional 2 min in a surge bin prior to first press. The first press setting was the same for all the seeds but the second press was maintained at either high or low screw torque. The combination of 3 conditioning temperatures and 2 secondary press torque settings resulted in 6 expeller-extracted canola meal (ECM) samples in a 3 × 2 factorial arrangement. Meal subsamples were analyzed for DM, CP, AA, reactive lysine, crude fat (as per EE), CF, ADF, NDF, neutral detergent-insoluble nitrogen (NDIN), glucosinolates, and ash (Table 1) before formulating the study diets for the AA assay.
Study Diets
In the absence of in vivo digestible amino acids data for the samples to be tested, the ECM test diets were formulated to contain 20% crude protein, with each of the 6 canola meal samples supplying the entire crude protein of the diet (Table 2) . Additionally, a semipurified nitrogen-free diet (NFD) was formulated to determine the endogenous amino acid (EAA) flow. The EAA flows from birds fed the NFD diet was used to standardize the apparent digestibility values. All the diets were balanced in terms of calcium and phosphorus, and supplemented with equal amounts of vitamin and mineral premix. Titanium dioxide was added as an indigestible marker at 0.5% of diet. The analyzed crude protein and amino acid contents of the diets are reported in Table 3 . 
Birds and Housing
All study procedures were reviewed and approved by the University of New England Animal Ethics Committee. A total of 800 one-day-old Ross 308 male broiler chicks were obtained from a commercial hatchery. Chicks were reared and housed in an environmentally controlled room and the temperature gradually decreased from 33
• C at first d to 24
• C during the third wk. From d 1 to 10 and d 10 to 19, chicks had ad libitum access to conventional corn-soybean meal starter and grower diets, respectively, to meet the nutrient specification of the Ross 308 breed (Aviagen, 2007) .
At 5 d age, after 3 h fasting, chicks were weighed and 420 chicks within a similar BW range were randomly allocated to battery cages (80 × 45 × 50 cm) with 6 single cage replicates of 10 birds per cage used per diet. Again, at 19 d age and after 3 h fasting, the remaining chicks were reweighed and 294 chicks within a similar body weight range were allocated to battery cages with 6 single cage replicates of 7 birds per cage used per diet. The birds were fed the 7 study diets for 5 d (consecutive); afterward, on d 10 and 24 all chicks per replicate were euthanized by CO 2 asphyxiation. The contents of the ileum (portion of the small intestine from Meckel's diverticulum to approximately 1 cm proximal to the ileocecal junction) were gently flushed out with ultra-pure water and pooled per replicate cage, then frozen and stored at −20
• C until processed. Digesta samples were freeze-dried and finely ground with an electric grinder equipped with a 3 mm screen to ensure a homogeneous mixture.
Chemical Analyses
The diets, digesta, and ECM samples were analyzed for DM by placing duplicate samples in a drying oven at 105
• C for 24 h (method 930.15; AOAC, 1990). Nitrogen content of feed, digesta, and ECM samples were determined on a 0.25 g sample with a combustion analyzer (Leco model FP-2000 N analyzer, Leco Corp., St. Joseph, MI) using EDTA as a calibration standard, with CP being calculated by multiplying percentage N by 6.25. Titanium dioxide concentrations were determined in triplicate and duplicate for diets and digesta samples, respectively, by a colorimetric method (Short et al., 1996) .
Proximate analyses were conducted using AOAC methods (methods 920.39 for EE, 982.30 E for total Lys, 975.44 for reactive Lys, 978.10 for CF, 973.18 for NDF and ADF, and 942.05 for ash (AOAC, 2006) . The NDIN was determined by measuring the N content of the insoluble fraction obtained from the NDF assay. Hemicellulose was calculated as the difference between NDF and ADF. The glucosinolate content of the meal was determined by colorimetric analyses, using a spectrophotometer according to the method described by Thies (1982) using tetrachloropalladate as the highly specific reagent for glucosinolates.
For AA analysis, samples (meals, diets, and digesta) were prepared by 6 N HCL hydrolysis for 24 h at 110
• C followed by neutralization with 4 mL 25% (wt/vol) NaOH, and then cooled to room temperature. Afterward, sodium citrate buffer was added and the mixture was equalized to a 50 mL volume (AOAC 1990; method 982.30) . Methionine and cysteine (sulfurcontaining amino acids) were analyzed by performic acid oxidation at 0
• C, followed by acid hydrolysis. The amino acids in the hydrolyzate were determined by an AA analyzer (Biochrom 30. 30 plus, Biochrom Ltd, Cambridge, United Kingdom).
Digestibility Calculations
Ileal AA flow (IAAF) and ileal nitrogen flow (INF) [mg/kg dry matter intake] for all treatments (including NFD) were determined as follows:
The apparent ileal digestibility and standardized ileal digestibility of N and AA were calculated using the following equations:
where EIAAF is endogenous ileal amino acid flow and ENF is endogenous nitrogen flow calculated using Eq. 1 from the ileal digesta of chicks fed NFD.
Statistical Analyses
The AID and SID values were analyzed as a 3 × 2 factorial arrangement in a completely randomized design using 2-way Procedure (PROC) General Linear Model (GLM) procedure of the SAS 9.3 package (SAS Institute Inc., 2008) to assess the main effects (temperature and screw torque) and 2-way interactions. The AID and SID values for d 10 vs. 24 were subjected to the analysis of variance using one-way ANOVA of the GLM procedure of SAS. Tukey's mean separation test (i.e., Honestly Significant Differences (HSD)) was used to make pairwise comparisons between treatment means at P < 0.05. Pearson correlation coefficients and associated significance were generated using PROC GLM of SAS to determine the relationship between SID values of CP and Lys at d 24, and the analyzed NDF and NDIN content of the meals.
RESULTS AND DISCUSSION
The chemical and AA composition of ECM samples is presented in Table 1 . The analyzed chemical composition of ECM samples has been discussed in detail in a previous paper on AME n values of ECM for broiler chicks (Toghyani et al., 2014) . Nevertheless, it is worth noting that the crude fat content of meals was rather consistent (approximately 8.5%) between samples, indicating that processing conditions did not influence oil extraction efficiency. The overall chemical composition of the samples ranged within the standard values reported for Australian canola meal (Sebbery et al., 2013) and was within the same range previously published for ECM (Woyengo et al., 2010) . ECM4 (low conditioning temperature; low screw torque) had lower CP compared to the other samples (35.53% vs. an average of 40%) and accordingly lower AA content on a DM basis. Although steps were taken to ensure uniform canola seeds were used for all treatments, it is possible that some lower protein seeds were introduced into this processing batch at the time of oil extraction. To correct for CP discrepancy, the AA content of the ECM samples are presented as a percentage of CP (Table 1) . No marked effect of processing conditions on AA content of the ECM samples was observed and the AA composition of ECM samples (%CP) was fairly consistent between samples. However, a decreasing trend in lysine levels can be noticed with increasing temperature at high screw torque, suggesting that there could have been some advanced Maillard reactions occurring possibly due to the interaction of high conditioning temperature and heat generated during the expelling process. The average Met and Cys contents were the lowest relative to the other AA, whereas among indispensable AA, Arg, Leu, and Lys contents were highest in the meals. The lowest and most abundant dispensable amino acids were Cys and Glu, respectively. The overall AA profile of the ECM samples compare well with the previous values reported for ECM (Woyengo et al., 2010; Seneviratne et al., 2011) .
The analyzed CP and AA composition of the study diets is shown in Table 3 . The diets were formulated to provide 20% CP coming solely from the test ingredient (i.e., ECMs). The analyzed CP values were quite close to the calculated values, with the exception of ECM1 diet which was slightly (0.42%) higher. No noticeable differences were observed between analyzed AA composition of the ECM test diets and the values determined were quite close, with negligible variations. Furthermore, according to Fan et al. (1994) apparent digestibility of AA is independent of dietary CP and AA level when CP is above 16.5%, and SID of AA is independent of dietary AA level (Stein et al., 2007) .
As illustrated in Table 4 , the ileal endogenous nitrogen and amino acid flow for all AA, with the exception of Cys was greater (P < 0.01) at d 10 compared to the values obtained at 24 d age. Mucin, which is constantly secreted and renewed, has been reported to account for a great portion of AA present in endogenous flow (Hoskins, 1984; Montagne et al., 2004; Smirnov et al., 2004) . It seems that younger chicks have a higher rate of mucin turnover and consequently greater EAA flow compared to older chicks. Glutamic acid, aspartic acid, serine, and threonine have been reported as the pre- dominant amino acids in endogenous flow (Adedokun et al., 2007; Golian et al., 2008) as these AA have a large contribution to the total amino acid (TAA) content of mucin (Lien et al., 2001) . Similarly, the aforementioned AA along with Phe and Leu were the most abundant AA in the EAA pool, whereas His, Met, and Cys were the AAs in lowest concentration in EAA at d 10 and 24. In line with current results, other researchers have also reported the effect of age on EAA estimates in poultry (Ravindran and Hendriks, 2004; Adedokun et al., 2007) . Interestingly, with only slight differences, the EAA estimates measured at d 24 in our study are similar to those reported by Golian et al. (2008) for 21-day-old broiler chickens, but much lower than the levels determined by Soleimani et al. (2010) for 7-week-old broilers reared under heat-stress conditions.
The apparent CP and AA digestibility of ECM samples at d 10 and 24 are presented in Tables 5 and 6, respectively. An interaction of conditioning temperature × screw torque (P < 0.05) was detected for AID values of CP, Arg, Ile, Lys, Phe, Thr, Ala, Asp, Glu, Pro, and Ser at d 10. The same AA were affected by processing conditions at d 24 (P < 0.05), except for Ile, Phe, Ala, and Pro, which were not different (P > 0.05). The interaction shows that AA and CP digestibility were decreased at high conditioning temperature × high screw torque, and low conditioning temperature × low screw torque. Meals subjected to medium conditioning temperature at either high or low screw torque had greater AID values of CP and AA at both ages. At high conditioning temperature, the additional heat generated during the expelling process at high screw Means within a column not sharing a superscript differ significantly at the P < 0.01 level for the treatment effects. torque resulted in lower digestibility. This was likely due to protein denaturation. At low or medium conditioning temperature the mechanical sheer force under high screw torque improved digestibility. This was likely caused by releasing encapsulated protein bodies from the cell wall matrix. The highest AID value was observed for Arg, His, Met, and Glu, while Thr, Cys, and Pro had the lowest AID values at both ages. The SID values (Tables 7 and  8 ) followed a similar pattern for all AA affected by processing conditions as those of AID values at d 10 and 24 age. However, when the AID coefficients were standardized, the values increased approximately 3.5 and 2.0 units at d 10 and 24, respectively. The ranking order of AA digestibility trend for SID values followed the same pattern as AID with Arg, His, Met, and Glu having the highest, and Thr, Cys, and Pro representing the lowest digestible AA. The largest increase in AID values when standardized was observed for Phe (5.7 and 3.7 units), Thr (4.8 and 3.6 units), Asp (4.7 and 3.1 units), and Ser (4.2 and 3.2 units), respectively at d 10 and 24 age.
To our knowledge the present study is the first to characterize the effects of processing conditions on protein and AA digestibility of expeller-extracted canola meal for broiler chickens. Chemical composition and nutrient digestibility of ECM for broiler chickens has previously been characterized and compared with solventextracted canola meal (Woyengo et al., 2010) , but the possible impact of processing condition has not been verified. The current processing conditions were selected to simulate what is practiced in industry and as such would not be considered abnormally high or low. Altering processing conditions during oil extraction may enhance or diminish canola meal quality, particularly in terms of protein and amino acid digestibility (Canola Council of Canada, 2009 ). Newkirk and Classen (2002) reported that nontoasted canola meals contained significantly more Lys, Arg, His, Asn, Ser, Val, Leu, Ile, Pro, and Phe than toasted meals (as a portion of protein). In a later experiment, Newkirk et al. (2003) indicated that high temperatures during the oil extraction process can reduce lysine content from 6.03 to 5.50% of crude protein, and decrease lysine and crude protein digestibility from 88 to 79% and 81 to 76%, respectively. As illustrated in Table 1 , processing conditions did not exert any marked effect on AA content of the meals when expressed as a portion of protein. Classen et al. (2004) reported that Maillard reactions usually occur in canola meal during desolventization and toasting, when the meal temperature and moisture content are at least 105
• C and 10%, respectively. Expeller-extracted meal is not subjected to a desolventizing/toasting step as is solvent extracted meal. However, expeller meal is still subjected to the potential effects of prepress seed heating and heat due to the friction generated during the expelling process.
In the current study, none of the conditioning temperatures (90, 95, or 100
• C) the seeds were subjected Means within a column not sharing a superscript differ significantly at the P < 0.01 level for the treatment effects.
to should have favored the conditions for significant secondary and tertiary Maillard reactions to occur. Nonetheless, the combined effect of high conditioning temperature and heat generated at high screw torque (ECM3) might have led to occurrence of some advanced Maillard reactions. Consequently, lower total and available Lys and decreased CP and TAA digestibility were observed for this sample. However, despite the low processing temperature at low screw torque for ECM4, this sample also exhibited lower CP and TAA digestibility than ECM2 and ECM5. There are 2 possible impacts of temperature on dietary fiber content of feed ingredients. First, high temperature has been reported to modify the cell-wall matrix resulting in breakage of weak bonds between polysaccharide chains and consequently, decreased association between or depolymerization of fiber molecules leading to formation of alcohol-soluble fragments and decreasing feed dietary fiber (Björck et al., 1984; Selvenderan and Robertson, 1994) . Furthermore, as a consequence of modification of the fiber matrix, dietary fiber solubility could increase, leading to increased intestinal viscosity and reduced nutrient digestibility (Mateos et al., 2002; Garcı´a et al., 2008) . Second, heating during processing also causes the formation of Maillard reaction products (broadly characterized as NDIN), which could be manifested in the NDF fraction (Molero-Vilchez and Wedzicha, 1997) . In a study by Pastuszewsk et al. (2003) heating canola cake led to an increase in protein bound to NDF from about 7 g/kg DM in nonheated cake and cakes heated at 90
• C, to 30 g/kg DM in cake heated at 140 • C. In the current study the ECM test diets were formulated to have 20% crude protein derived solely from the samples, consequently a high percentage (approximately 50%) of the samples were incorporated into the diet, which could have, to some extent, augmented the impact of NDF and NDIN content of the meals on digestibility values. An increase in fiber content of an ingredient has been shown to reduce CP and AA digestibility (Eggum, 1995) , since the complexes of protein with NDF formed during processing are not likely to be hydrolyzed in the small intestine.
Pearson correlations analyses revealed strong negative correlations between NDF and NDIN content of the meals and SID values of CP at d 24 (r = −0.87, r = −0.82; P = 0.001, respectively). The same trend was also detected for SID of Lys at d 24, although the correlations were slightly lower for NDF (r = −0.79; P = 0.001) and NDIN (r = −0.76; P = 0.001). In line with the present observations, Newkirk et al. (2000) and Classen et al. (2004) also evaluated NDIN as a quality measure of canola meal, particularly in terms of protein and amino acid digestibility. The main reasons for the lower CP and AA digestibility of ECMs that are higher in NDF and NDIN may be an increase in dietary fiber content that would accelerate digesta passage rate, and thereby reducing nutrient digestion (Bach Knudsen, 2001; Khajali and Slominski, 2012) . Furthermore, dietary fiber components have been suspected of impairing absorption of charged molecules such as minerals and some amino acids because of charged polysaccharide and fiber-associated substances such as phytates that can bind to these molecules and make them unavailable for digestion (Devinder et al., 2012; Margareta and Nyman, 2003) . Lys, Arg, and His are categorized as AA with a positively charged "R" group while Asp and Glu have a negatively charged "R" group (Nelson and Cox, 2004) . Interestingly, at both ages, the digestibility of all charged AA except His was affected by the processing conditions, so that lower AID and SID values of these AA were observed for samples higher in NDF and NDIN. In a study by Seneviratne et al. (2011) with grower pigs it was indicated that barrel heat and screw speed interacted for AID and SID of AA of cold press canola cake, but the effects were not consistent among AA. In line with current results, the authors reported a 2.2% increase in the fiber content of nonheated cold-pressed canola cake and it was concluded that increased SID of AA was not due to increased CP but due to changes in crude fiber because of processing conditions. Overall, both the AID and SID values of most of the AA for ECMs in this study are in a similar range to those reported previously by Woyengo et al. (2010) .
The apparent ileal digestibility of crude protein and most of the amino acids of the ECM samples increased (P < 0.05) with age (Table 9) . However, the effect of age was not consistent among samples so that ECMs with higher AID of TAA values had fewer AA affected by age compared to the ECMs with lower AID values. In most of the ECMs, Lys, Phe, Cys, and Gly AID had the least discrepancy between d 10 and 24. These findings are in agreement with the report of Huang et al. (2005) who showed that canola meal crude protein and AA apparent ileal digestibility increased with advancing bird age. Standardization not only improved digestibility coefficients but also resulted in reduced discrepancy between AA digestibility values at d 10 compared to d 24 (Table 10) . After correcting for EAA losses, the variation in CP and AA digestibility between d 10 and 24 decreased from approximately 3.1 to 1.4 units and 3.8 to 2.2 units, respectively. Adedokun et al. (2008) also determined the AID and SID values of CM and SBM for 5 and 21-day-old broiler chicks, and similar to our findings reported lower AID values at d 5 vs. 21.
In conclusion, the results obtained in this study showed that processing conditions during oil extraction could have a significant impact on CP and AA digestibility of expeller-extracted canola meal for broiler chickens, at both starter and grower phases. These findings suggested that processing conditions of ECM may affect digestibility of some AA, likely because of alteration of the chemical constituents of the meal, specifically the concentration and composition of fiber. The apparent digestibility of CP and AA of ECMs evaluated in this study increased with age; however, the effect of age could partly be attributed to the greater endogenous contribution to the ileal amino acid pool in younger chicks. Younger chicks also appeared to be Table 9 . Apparent ileal digestibility (%) crude protein and amino acids in expeller extracted canola meal samples subjected to different processing conditions for broiler chicken at 10 vs. 24 d age (on DM basis). more susceptible to ECM quality in response to AA digestibility.
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